Acute renal failure has oliguria and uraemia as its cardinal manifestations. The syndrome may be due to acute tubular necrosis, glomerulonephritis, urinary tract obstruction and occlusive vascular aisease.
INTRODUCTION
Acute renal failure is a clinical syndrome developing over a period of days or weeks. I ts main manifestations are oliguria (less than 400/ml of urine per day) and uraemia (symptomatic renal failure).
The major causes of acute renal failure are tubular necrosis, glomerulonephritis, obstructive uropathy, and occlusive vascular lesions. Acute tubular necrosis is the variety associated with prolonged shock, trauma, septicaemia, intravascular haemolysis, burns, nephrotoxic agents and obstetric emergencies. The syndrome may develop following surgery, especially following aortic resection, surgery in the jaundiced patient, and after cardiac surgery. After a period of oliguria, ranging from two to 30 days, a diuresis ensues and, eventually, recovery of renal function occurs. This is not always as complete as previously thought (Lewers et al. 1969) .
Acute renal failure due to acute tubular necrosis carries a high mortality rate (Maher, O'Connell and Schreiner 1966) despite the ready availability, for the past decade, of artificial means of replacing renal function. It seems likely that further improvement in the outcome of this condition will depend on prevention rather than on treatment of the established state of renal failure. The application of the most effective prophylactic measures in situations where there is a high risk of the development of acute renal failure due to tubular necrosis is hindered by a lack of understanding of the precise pathogenesis of this disorder.
PATHOGENESIS OF ACUTE RENAL FAILURE DUE TO TUBULAR NECROSIS
The theorifs advanced to explain the pathogenesis of renal failure in tubular necrosis have been critically examined in a recent editorial (Oken 1971) . The alternative tenn of vasomotor nephropathy was suggested for this severe functional breakdown of the kidney which contrasts with the rather inconstant and inappropriate finding of tubular necrosis. The tenn, tubular necrosis, however has the merit of certain clinical implications relating to the situations in which this type of renal failure occurs, and is retained in this review.
The major disturbances of renal physiology in tubular necrosis are:
(1) A marked reduction in renal cortical flow with relative preservation of medullary flow (Hollenberg et al. 1968 ).
(2) A severe reduction of glomerular filtration rate, both in tenns of the function of the whole kidney or of an individual nephron. This reduction has been found in the human (Bull, Joekes and Lowe 1950) and in the experimental model (Oken, Arce and Wilson 1966) . There is little to indicate that tubular obstruction, tubular leakage with passive back flow, and a raised renal interstitial pressure are of importance (Oken 1971) .
A number of groups have produced evidence which may implicate activation of the reninangiotensin system in the genesis of the cortical ischaemia and reduction in glomerular filtration rate (Tu 1965; Massini et al. 1966; McDonald et al. 1967; Hayes et al. 1968 ). It is not clear, however, if these findings are the result rather than the cause of the cortical ischaemia. The importance of other hormonal vasoconstrictor systems which may cause increased afferent arteriolar resistance has not been evaluated.
A mechanism which could cause prolongation of the period of reduced glomerular filtration, once initiated, is glomerular coagulation. Recent evidence suggests that this does occur (Clarkson et al. 1970) . This might explain the typical period of oliguria followed by recovery, once fibrinolytic systems have cleared the thromhi. However, anticoagUlation with either heparin or warfarin was unable to protect rats against the development of glycerol-induced and mercuric chloride acute renal failure (d' Apice and Hayes 1971) despite the clinical impression that these agents are useful (Kincaid-Smith, Laver and Fairley 1970) .
It is apparent that our understanding of the disordered physiology in acute tubular necrosis has advanced in the past decade, but it is still far from complete.
THE PREVENTION OF ACUTE RENAL FAILURE
Early and adequate replacement of blood, fluid, and electrolyte losses is a prerequisite. In addition to the usual signs of depletion of the intravascular and extracellular fluid compartments, measurements of the central venous pressure and of blood volume may aid in achieving this end. Hourly measurements of urinary output, using an indwelling bladder catheter inserted with aseptic precautions, are essential for the early recognition of oliguria. When oliguria is defined as a urinary flow rate of less than 20 ml/hour appropriate therapy is likely to be instituted at an earlier stage than when the definition of oliguria involves the passage of 24 hours, viz. ollguria defined as less than 400 ml/day.
Mannitol, a non-reahsorbable solute, now has a firmly established role in the prophylaxis of acute renal failure (Barry 1963) . This agent has been shown to increase effective renal plasma flow, to reduce renal vascular resistance, to reduce blood viscosity, and to irlcrease tubular fluid flow rate and u"rinary output (Braun and Lilienfeld 1963) . There is evidence to indicate that it is a more effective agent than sodium-containing fluids (Teschan and Lawson 1966) . I ts action in reducing the circulating levels of renin and angiotensin may be of considerable importance to the value of mannitol as a prophylactic agent (Vander and Miller 1966) .
During anaesthesia and surgery, a urinary flow rate of greater than 1 ml/minute should be established bv the infusion of a solution containing 50 gm of mannitol per litre of normal saline, in situations where the risk of renal failure is high.
vVhen oliguria occurs and volume repletion is considered adequate, the use of mannitol may be both therapeutic and diagnostic. Twenty-five grammes of mannitol are administered intravenously over a period of 10-20 minutes. A urinary flow rate of greater than 40 ml/hour, occurring within three hours, is considered a satisfactory response. If this is observed, further mannitol is administered over the next 24 hours-100 gm as a 10,% solution-in addition to replacement of the other fluid and electrolyte losses.
If mannitol fails to produce the expected response, a critical re-examination of replacement therapy should be carried out; measurement of central venous pressure should be made at this time. If replacement is considered adequate, further doses of mannitol are potentially harmful as they may lead to an expanded intravascular volume and pulmonary oedema, hyponatraemia, and plasma hyperosmolality.
Frusemide and ethacrynic acid have been used in experimental and clinical oliguric states with some success (Teschan and Lawson 1967) . There are no grounds, as yet, to substitute these pharmacological diuretics for osmotic diuretics.
However, when "mannitol-fast" oliguria exists, 80 mg of the former or 100 mg of the latter may be administered intravenously in an attempt to promote a diuresis. "
The differmtiation of oliguria, due to inadequate replacement therapy or persistent hypotension, from established acute renal failure is not always simple. Table 1 provides some guidelines to aid in making this important decision. The serum creatinine content is of use in recognizing early renal impairment. The blood urea is of less value; this may be raised in a varietv of conditions in the absence of renal failme. "The usual ratio of blood urea concentration to serum creatinine is approxi-mately 20: 1. This ratio is elevated in the following states:
(a) Where there is an increased gastrointestinal absorption of protein, e.g. high protein diet, and gastrointestinal haemorrhage. (b) WherE' there is an increased endogenous protein breakdown, e.g. infection, and corticosteroid and tetracycline therapy. (c) Where there is a slow tubular flow rate allowing greater passive back-diffusion of urea, e.g. obstruction, dehydration, haemorrhage, cardiac and hepatic failure. Some of these features are inconstant, notably urinary sodium concentration, thus a decision is best made after consideration of all of these factors. The urinary de terminations can be made on small volumes of urine, i.e. a prolonged collection is not necessary. Urinary specific gravity is best determined by means of a " total solids" meter; this provides an accurate measurement using only one drop of urine (Figure 1 ).
THE MANAGEMENT OF ACUTE RENAL FAILURE
This subject has been reviewed in detail in a number of recent pUblications (Franklin and ME'rrill 1960) . Despite the availability and earlier use of dialytic forms of therapy, the mortality rate is still high; infection has replaced pulmonary oedema and hyperkalaemia as the major cause of death; and. a significant mortality occurs despite the onset of the diuretic phase.
Once the diagnosis of acute renal failure is made, the indwelling bladder catheter should be removed; at the time of removal a urine sample is taken for culture. The presence of gross haematuria, of pain referable to the urinary tract, or of total anuria indicates the need for urological evaluation to assess the nature and extent of trauma or to rule out obstruction. Bilateral renal cortical necrosis may follow trauma; this lesion is associated with total anuria and may require renal biopsy for its recognition. Acute renal failure is generally associated with oliguria; however, renal failure can occur following burns or trauma despite the production of several litres of urine per day (Vertel and Knochel 1967) . Water balance should be maintained; this requires restriction of fluids· to measurable losses plus nett insensible losses (approximately O· 2 ml/kg/hour for adults and generally about 500 ml/day plus increments for fever and hyperpnoea). Body weight is the best guide to fluid balance and should be measured daily or twice daily. Weight gain indicates marked overhydration.
Dietary protein intake should be restricted to 10 gm or less per day. Calories should be provided by the administration of carbohydrate, preferably by the oral route. A mixture of apple juice, sugar, cream of wheat, whipped cream, ice cream and ginger ale provides a palatable source of 1,000 calories/I., but contains only 10 gm of protein and 10 meq of potassium. The degree of protein restriction necessary wil! vary inversely with the frequency of dialysis. Many authorities advise early and frequent dialysis, and this approach allows a more liberal intake of protein and fluids and provides for greater well-being.
Serum potassium levels should be monitored frequently and the effect on the myocardium detennined by electrocaniiography. The daily increment in serum potassium may be as high as 3 meq/l. Potassium may be liberated by tissue trauma, acidosis, haemolysis, endogenous protein breakdown, and from infected areas; this adds to exogenous potassium to produce hyperkalaemia despite a deficit in total body potassium.
The therapy of hyperkalaemia or of a rapidly rising serum potassium is summarized in Table 2 . The intake of potassium should be restricted to 10 meq/day until the urine volume attains 1,000 ml/day. Sodium intake should be restricted to 10 meq/day unless losses are occurring by means of gastrointestinal suction, vomiting, diarrhoea or excessive sweating. When sodium needs to be replaced, this should be done, at least in part, as the bicarbonate (1 gm of which provides 12 meq of sodium ion). Attempts to correct hyponatraemia by the administration of sodium salts may lead to disaster; hyponatraemia usually represents water excess brought about by the excess administration of wate! (I.V. 5% dextrose in water being the usual cause) or an intracellular shift of sodium. The presence of excess salt and water should not be treated by the administration of digitalis glyccsides. Fatal arrhythmias may arise whm the serum potassium is lowered and acidosis corrected during dialysis. The use of digoxin and related compounds should be reserved for those patients with known cardiac disease.
Infection IS the major cause of death in traumatic acute renal failure. Indwelling bladder or venous catheters may initiate fatal infection, and should be avoided if possible. Rational management involves the avoidaI,ce of prophylactic antibiotics, the institution of dialysis bEfore symptomatic renal failure is apparent, modification of drug dosage where the kidney is the main organ of conjugation or excretion, and the avoidance of tetracyclinesmost of this group of drugs promotes increased endogenous protein catabolism and, moreover, they accumulate in the presence of renal failure.
Narcotics and analgesics should be avoided or given in minimum dosage. Anti-emetics and sedatives should be avoided altogether; the best therapy for the gastrointestinal manifestations of uraemia or for confusional states and hyperirritability is dialysis.
Haemopoietic manifestations of acute renal failure include anaemia and haemorrhage. Once initial blood replacement is deemed adequate, further transfusion should be consideled only when the haematocrit falls below 25%; then fresh whole blood or packed cells should be given. Attempts to maintain the haematocrit above this level will not be successful until renal function has recovered. The presence of uraemia should not preclude the usual investigations of gastrointestinal bleeding; this frequently occurs from peptic ulceration, which may require operative intervention if other measures such as transfusion of fresh whole blood and dialysis fail.
Haemodialysis performed during active bleeding requires regional heparinization. Platelet transfusion and the administration of fresh frozen plasma may help in the correction of a coagulation disturbance. Less commonly parenteral vitamin RI oxide is necessary.
Dialysis, either peritoneal dialysis or haemodialysis, should be initiated before the renal failure is symptomatic. The presence of nausea and vomiting, gastrointestinal bleeding, significant infection, severe hyperkalaemia or hyponatraemia, severe acidosis, pericarditis, coma, confusion, or marked neuromuscular irritability, including seizures, indicates a significant delay in the institution of life-saving therapy.
These manifestations should be prevented from occurring. Earlier and more frequent dialysis has been associated with a lower mortality rate. Renal failure following trauma is generally associated with a marked daily increment in the serum urea level, often exceeding 60 mg/IOO ml per day. Infection, therapy with corticosteroids or tetracyclines, and inadequate protein restriction may make the daily rise even more dramatic. A knowledge of the increment occurring over the first few days of the illness will allow for judicious planning of dialysis.
Peritoreal dialysis can usually be used, but occasionally the presence of recent abdominal surgery, paralytic ileus, or extensive intraabdominal injury makes haemodialysis advisable. Where the catabolic rate is high, hourly exchanges of 2 1. of peritoneal dialysis fluid will provide more effective dialysis. When haemodialysis is chosen repeated access to the circulation may require the insertion of a Teflon-Silastic shunt into the fOlearm vessels. Regional heparinization may be needed in the presence of recent trauma, recent surgery, or active bleeding.
The use of one form of dialysis or anothel has the advantage ef simultaneously correcting hyperkalaemia, hyponatraemia, hypocalcaemia, hyperphosphataemia, acidosis, azotaemia, and overhydration. Complications of dialysis include cardiac arrhythmias, blteding due to systemic heparinization, cerebral oedema and convulsions due to dialysis-dysequilibrium syndrome. Peritoneal dialysis may be complicated by haemorrhage, peritonitis, and perforation of a viscus; rarely hypercsmolar coma may result from severe hyperglycaemia only when dialysis solutions containing a high percentage of glucose are used. When such solutions are used blood sugar determinations should be made twice daily. Insulin should be administered subcutaneously if the levels are elevated above 300-400 mg per cent. Despite the onset of diuresis, the blood urea and serum creatinine concentration will continue to rise until the urine volume exceeds 21. per day. This phClse requires careful attention to the replacement of sodium and potassium losses; at least for the first few days these should be determined on a daily basis, together with estimation of the serum levels. If the oliguric period exceeds 30 days, percutaneous renal biopsy is advisable to assess the reversibility of the proce~s. If cortical necrosis is found maintenance dialysis and transplantation may need to be considered. If an unexpected glomerulonephritis is discovered, immunosuppressive and anticoagulan t therapy represents an additional approach. Death from infection is not uncommon in this phase of the illness. Recovery of tubular functions, such as concentrating ability, may take as long as a year.
